Abstract Complementary deoxyribonucleic acid microarray data from 36 mice subjected for 1, 2, or 4 weeks of their early life to normal atmospheric conditions (normoxia) or chronic intermittent (CIH) or constant (CCH) hypoxia were analyzed to extract organizational principles of the developing heart transcriptome and determine the integrated response to oxygen deprivation. Although both CCH and CIH regulated numerous genes involved in a wide diversity of processes, the changes in maturational profile, expression stability, and coordination were vastly different between the two treatments, indicating the activation of distinct regulatory mechanisms of gene transcription. The analysis focused on the main regulators of translation and response to stress because of their role in the cardiac hypertrophy and cell survival in hypoxia. On average, the expression of each heart gene was tied to the expression of about 20% of other genes in normoxia but to only 8% in CCH and 9% in CIH, indicating a strong decoupling effect of hypoxia. In contrast to the general tendency, the interlinkages among components of the translational machinery and response to stress increased significantly in CIH and much more in CCH, suggesting a coordinated response to the hypoxic stress. Moreover, the transcriptomic networks were profoundly and differently remodeled by CCH and CIH.
ing from a combination of CIH and hypercapnia, arousals, increased sympathetic activity, and altered baroreflex control during sleep (reviewed by O'Reilly and Bailey 2007) . Such sleep breathing disorders have reached epidemic proportions as the incidence in adults is more than 4% (Camfferman et al. 2006; Chiang 2006) and about 1-2% in children (Dursunoglu and Dursunoglu 2006; Festen et al. 2006) . Recent data have also shown that such CIH and sleep disorders can contribute to abnormalities to lipid and carbohydrate metabolism and the metabolic syndrome (Alam et al. 2007; Launois-Rollinat 2006; Ng et al. 2005) . Several authors (e.g., Blais et al. 2006; Bruder et al. 2007; Das and Maulik 2006; Goh et al. 2007; Hu et al. 2006 ; Krieg et al. 2006; Kulshreshtha et al. 2007 ; Mense et al. 2006; Polotsky and O'Donnel 2007; Zhou et al. 2004) have used microarray platforms to investigate the transcriptomic changes in various organs of humans and animals exposed to hypoxia.
In this paper, we extend the analysis of previously published microarray data (series GSE2271 in http://www. ncbi.nlm.nih.gov/geo) to extract additional information regarding organizational principles of the developing mouse heart transcriptome under normal atmospheric conditions (normoxia) and the alteration of gene expression level, variability, and coordination in two chronic hypoxia paradigms: constant (CCH) and intermittent (CIH) . Most of the analysis reported here focused on eukaryotic translation (initiation and elongation) factors because of their role in the cardiac hypertrophy (Clemens 2001 ) and on heat shock proteins (HSPs) as part of an integrated response to hypoxia aimed at promoting cell survival (Baker 2004; Kodde et al. 2007 ). HSPs form a highly conserved family of proteins with critical functions in protein folding, trafficking, and cell signaling, and these protect cells against injury (Gupta and Knowlton 2007) . It is possible that the hypoxic stress stimulates the expression coordination of the HSP genes to optimize the survival response of cells under oxygen deprivation. Furthermore, the upregulation of the translation factors enhances protein synthesis and can regulate growth of cells, which is important under hypoxic stress (e.g., Tuxworth et al. 2004 ). In a previous paper (Fan et al. 2005) , we have shown that CCH upregulated both messenger ribonucleic acid (mRNA) and protein levels of several eukaryotic translation initiation factors (Eifs), and this was most likely the basis for the hypertrophy and the change in size of cardiomyocytes. Since gene transcription is an adenosine triphosphate-expensive process in cells, the suppression of transcription to minimum levels provides substantial energy savings in anoxia (Larade and Storey 2007) . One way to minimize the energy consumption in transcription is to increase the expression coordination of the translation factors, thus reducing the protein production in excess to the necessary amounts required by the functional pathways. Therefore, we determined and compared the regulatory networks of the genes encoding translation factors and HSPs in normoxia, CCH, and CIH. Moreover, for each gene encoding a translation factor or a HSP, we have identified the so-called see-saw partners in a normoxic heart. Due to similar or opposite expression coordination with thousands other genes, appropriate regulation of such a partner of an altered gene in a hypoxic heart may (in principle) contribute to the recovery of the normoxic transcriptome (Iacobas et al. 2008a ).
Materials and methods

Microarray
Several litters of neonatal mice were split into nine groups and subjected to 1, 2, and 4 weeks to normal atmospheric conditions, hypoxia in which [O 2 ] was kept constant at 11% (CCH) and hypoxia in which [O 2 ] was switched between 21% and 11% every 4 min for the entire duration of the treatment (CIH). Four mice (two males and two females) were profiled individually for each condition (treatment and duration). A subset of 4,862 distinct, well-annotated unigenes was selected for the analyses reported in this paper. The protocol of RNA extraction, reverse transcription, fluorescent labeling, hybridization with the complementary deoxyribonucleic acid (DNA) arrays as well as data acquisition, normalization, and detection of significantly regulated genes when comparing treatments of the same duration or durations of the same treatment were fully described in our previous paper (Fan et al. 2005 ).
Analysis of transcriptomic maturational profiles
Depending on their regulation type when comparing the expression levels at two successive time points, the genes were classified into one neutral (i.e., no significant change in each of the two intervals: 1-2 weeks and 2-4 weeks) and eight active (i.e., with significant increase or decrease in at least one interval) maturational profiles. Then, we identified the genes with active maturational profiles in each treatment as well as the genes whose maturational profile in normal atmospheric conditions was significantly changed by exposure to hypoxia.
Analysis of expression variability and control of transcript abundance
The relative estimated variability (REV) of the transcript abundance among the biological replicas was determined as the midrange of the χ 2 estimate of the coefficient of variability (Iacobas et al. 2003) . Then, the genes were ordered as decreasing variability so that the first percentile (or gene expression stability score [GES]<1) contained the most unstably expressed and the 100th percentile the most stably expressed genes. Further, REV analysis was used to evaluate the change of control stringency and GES analysis to identify the genes with major changes in expression stability induced by hypoxia.
Analysis of expression coordination
The expression level of a gene at any developmental stage can be expected to be tied to those of other genes because of their involvement in processes requiring many proteins (Iacobas et al. 2007b) . Two genes were considered as synergistically expressed (e.g., Eif3s4 and Eif3s3 in Fig. 1 ) if their expression levels increased and decreased together (positive covariance) in a set of similar samples or as antagonistically expressed (negative covariance) when they manifest opposite tendencies (e.g., Eif3s4 and Eif2ak1) and as independently expressed when their expressions are not correlated (close to zero covariance, e.g., Eif3s4 and Eif1b). In the case of four biological replicas, the (p<0.05) cutoff for synergism is a pairwise Pearson correlation coefficient ρ>0.90, for antagonism ρ<−0.90, and for independence │ρ│<0.05.
Comparison of coordination profiles
The coordination profile of a gene is the set of correlation coefficients between the expression levels of that gene and those of each other gene (4,861 in this study) within the biological replicas. By computing the overlap (OVL, Iacobas et al. 2007b ) of the coordination profiles, we further identified the (hereafter termed) "see-saw" partners as pairs of genes with striking likeness (OVL>80%) or opposition (OVL<−80%).
Results
Gene expression regulation depends on hypoxia pattern and gender
By comparing the expression levels in the three treatments at each time point, we found that more genes were differentially expressed in CCH compared to CIH than in either CCH or CIH with respect to the corresponding normoxia ( Fig. 2a ) that explains the small values of the Pearson correlation coefficients between the sets of expression ratios in CCH and CIH with respect to normoxia: 0.16, 0.14, and 0.26. Figure 2b presents examples of genes encoding eukaryotic translation (initiation or elongation) factors and HSPs with substantial differences between the expression levels in CCH compared to CIH of which more than 73% were caused by higher levels in CCH than in CIH.
It is interesting to note that although not significantly different as number and nature, the fold change of the regulated genes was higher in the female than male after 1-week hypoxia and higher in male thereafter (Fig. 2c) .
Alteration of transcriptomic maturation
We found that numerous genes significantly changed their expression level during development under normal atmospheric conditions as well as in constant and intermittent hypoxia. The number of genes whose expression changed in the heart with maturation was significantly higher in both CCH and CIH when compared to normoxia. Thus, we identified 18 genes involved in aging, development, or growth whose neutral maturational profile in normoxia became active in CCH and eight genes whose active maturational profiles in normoxia were turned into neutral ones by CCH (listed in Supplementary Table 1A) . Moreover, we identified eight genes encoding translation factors or HSPs with active profiles in normoxia, while this number increased to 14 in CIH and 22 in CCH (see Supplementary Table 1B) . Fig. 1 Examples of genes encoding eukaryotic transcription initiation factors (Eif) and heat shock proteins (Hsp) that are synergistically (Eif3s3 and Hsp90aa1), antagonistically (Eif2ak1 and Hspa12a), or independently (Eif1b and Hspd1) expressed with eukaryotic translation initiation factor 3, subunit 4 delta (Eif3s4) in heart of 1-week normoxic mouse. The relative expression levels in the four biological replicas of the indicated gene in the left-hand panel are plotted against those of Eif3s4. Genes: Eif1b Eukaryotic translation initiation factor 1B, Eif2ak1 eukaryotic translation initiation factor 2 alpha kinase 1, Eif3s3 eukaryotic translation initiation factor 3, subunit 3 (gamma), Eif3s4 eukaryotic translation initiation factor 3, subunit 4 (delta), Hsp90aa1 heat shock protein 90-kDa alpha (cytosolic), class A member 1, Hsp12a heat shock protein 12A, Hspd1 heat shock protein 1 (chaperonin) Figure 3 presents the maturational profiles of some growth development cell cycle regulators, Eifs, HSPs, and of hypoxia-inducible factor 1 alpha subunit (Hif1a). As in the examples from Fig. 3 , we found that the maturational profile of numerous other genes was differently altered by the two hypoxic treatments.
Regulation of expression variability and transcription control
Our analysis revealed an overall reduction in the expression variability (measured by the average REV value) in CCH at all three time points and in CIH at 1 and 4 weeks compared Note that each hypoxia treatment alters the maturational profiles and that the alterations are different. Genes (GO biological process): Fhl1 Four and a half LIM domains 1 (cell growth), Tbx5 T-box 5 (heart development), Tro trophinin (negative regulation of cell growth), Ccnb1 cyclin B1 (cell cycle), Pcna proliferating cell nuclear antigen (DNA replication), Mik67 antigen identified by monoclonal antibody Ki 67 (cell proliferation) Fig. 2 Expression regulation. a Percentage of significantly regulated genes when comparing the three conditions. Note that substantial percentages of the quantified genes were differently expressed between CCH and CIH. b Examples of genes involved in translation regulation and response to stress that are differently expressed between CCH and CIH at each time point. c Gender differences in the fold change of the genes regulated by constant (CCH) and intermittent (CIH) hypoxia treatments with respect to the corresponding normoxia. Note that females responded with higher regulation at 1-week CCH and CIH and with lower regulation at 2-week CCH and CIH and 4-week CCH to the normoxic counterparts. However, the reduction in the expression variability was not uniform among the genes indicating differential regulation of the mechanisms involved in controlling the abundances of the corresponding transcripts. Moreover, the variability of most genes involved in growth, development, and aging had a more substantial decrease than the average gene, and therefore the GES score of these genes increased (as illustrated in Fig. 4a for 1 week CCH compared to 1 week normoxia) but showed no significant bias for Eifs and Hsps. The transcription control of Hif1a, was relaxed after the first week of CCH, restored at comparable intensity with normoxia after 2 weeks, and considerably increased after 4 weeks CCH.
Expression coordination
We identified for each treatment at each time point the synergome (i.e., set of synergistically expressed partners), antagome (antagonistically expressed partners), and exclusome (independently expressed partners) of each quantified gene. Supplementary Table 2 lists the percentages of the sampled transcriptome containing the significantly synergistically, antagonistically, and independently expressed partners of some Eif and Hsp genes at 1-week normoxia, CCH, and CIH. We found that, in normoxia, about 20% of the 11,817,091 distinct gene pairs that can be formed with the 4,862 quantified genes were synergistic or antagonistic partners, meaning that, on average, the expression of each heart gene is tied to those of about 20% of the sampled genome. CCH reduced the overall coordination degree to 8% and CIH to 9%. However, when the analysis is restricted to the 3,003 distinct gene pairs that can be formed with the 45 components of the translational machinery, the 32 genes involved in the heat shock response and Hif1a, the density of the interlinks increased significantly. Thus, as illustrated in Fig. 5 for 1-week treatments, CIH increased the synergistic partnership within the network by 70%, while CCH increased the synergistic partnership by fivefold and the antagonistic one by 70%. Moreover, the network was profoundly rewired by hypoxia, and the remodeling was vastly different between CIH and CCH.
Transcriptomic "see-saws"
Although the coordination profiles of most genes are neutral to each other (−20%<OVL<20%), we found genes with striking similarity (OVL>80%) or opposition (OVL< −80%). The "see-saw" partners can be from the same functional category (examples in Fig. 6a,b) or from different functional categories (examples in Fig. 6c ). Supplementary Table 3 presents the 40 most similar and opposite "see-saw" partners at 1-week normoxia among genes encoding Eifs and HSPs. Fig. 4 Variability of the expression levels at one week normoxia (open bars) and 1-week CCH (solid bars) of some: a growth development aging genes. b Low expressed eukaryotic translation initiation factors (Eif) and Heat shock proteins (Hsp). c High expressed Eifs and Hsps. Values on the vertical axis represent the ratio between the normalized background subtracted fluorescence signal of the probed gene transcript within the redundancy group for both slides and both channels and the average signal of all probed gene transcripts in all four samples, while values above the 95% confidence intervals (rectangles) are the GES percentiles of the respective genes. Note the nonuniform dispersion of the expression levels among the genes and the change of the expression stability in CCH (values in bold letters). Genes (GO biological process): Bmp15 Bone morphogenetic protein 15 (growth factor activity), Gdf9 growth differentiation factor 9 (growth factor activity), Gmfb glia maturation factor beta (growth factor activity), Igfbp3 insulin-like growth factor binding protein 3 (growth factor binding), Napa N-ethylmaleimide sensitive fusion protein attachment protein alpha (brain development), Ppap2b phosphatidic acid phosphatase type 2B (blood vessel development), Spon2 Spondin2 extracellular matrix (development), Tcf12 transcription factor 12 (development), Tkt transketolase (regulation of growth), Wnt3a wingless-related MMTV integration site 3A (axonogenesis)
Discussion
In a previous paper (Fan et al. 2005) , we identified the genes and the biological processes that are regulated by CCH and CIH in cardiac development. In this paper, we continue the analysis of the microarray data aiming to understand and quantify the integrated cardiac response to the hypoxic stress of the developing mouse by determining the overall changes in the transcriptional variability, maturation, and coordination. In addition, we chose to focus on genes encoding some of the major players in the response to chronic hypoxia: the Hif1a, the components of the translational machinery, and the HSPs. Hif1a, a heterodimer predominantly regulated by oxygen-dependent post-translational hydroxylation of the alpha subunit (Stockmann and Fandrey 2006) , was of particular interest for us due to its involvement in a wide diversity of biological processes (Semenza 2007) , to mention a few: Examples of gene pairs with striking similarity, opposition, and neutrality as coordination profiles at 1-week normoxia. Values on the two axes represent the pairwise Pearson correlation coefficients between the logs of the relative expression levels in the four biological replicas of the indicated genes and each other gene of the sampled transcriptome. In each graph, the coordination profiles of three genes were plotted against that of the gene indicated on the abscissa. Eif1b Eukaryotic translation initiation factor 1b, Eif4a2 eukaryotic translation initiation factor 4A2, Eif4ebp2 eukaryotic translation initiation factor 4E binding protein 2, Eif4g3 eukaryotic translation initiation factor 4 gamma, 3, Eif5 eukaryotic translation initiation factor 5, Hspa4 heat shock protein 4, Hsp12a heat shock protein 12A, Hsp12b heat shock protein 12B, Hspb6 heat shock protein, alpha-crystallin-related, B6; Hspd1 heat shock protein 1 (chaperonin). The overlaps of the coordination profiles (OVL) are: angiogenesis, heart looping, neural crest cell migration (Compernolle et al. 2003) , positive regulation of vascular endothelial growth factor receptor signaling pathway (Schipani 2006) , cell differentiation (Zelzer et al. 2004) , positive regulation of erythrocyte differentiation (Yoon et al. 2006) , positive regulation of transcription from RNA polymerase II promoter (Makita et al. 2005) , regulation of transcription, DNA dependent (Biju et al. 2004) , and response to hypoxia (Woods and Whitelaw 2002 Kwon et al. 2007 ).
Constant and intermittent hypoxia activates different regulatory mechanisms of gene expression
Although both hypoxia treatments regulated numerous genes located on all chromosomes and involved in a wide diversity of processes, the nature of genes and biological processes that were affected were vastly different between CCH and CIH (presented in detail in Fan et al. 2005 ). The peak effect was found for 2 weeks of exposure for both CCH and CIH, although increased expression of angiogenic factors such as vascular endothelial growth factor-A (Takeda et al. 2007) was detected only at 4 weeks of CCH. Considering the substantial differences between the CCH and CIH regulomes (i.e., sets of regulated genes with respect to the corresponding normoxia), we conclude that the regulatory mechanisms that are activated by the low oxygen supply depend on the hypoxia pattern. This conclusion is in agreement with that of Douglas et al. (2007) for mouse hippocampus and thalamus and of Ripamonti et al. (2006) for rat gastrocnemius muscle. The importance of the hypoxia pattern and duration for the pathophysiological responses was also revealed by other authors (e.g., Neubauer 2001; Prabhakar and Kline 2002) . Moreover, since the number of regulated genes in CIH was larger than that in CCH at 1 week, comparable at 2 weeks, and smaller at 4 weeks (Fig. 2a) , the differences between CCH and CIH cannot be explained by a reduced "dose" of stress in CIH that one would expect due to the alternation of normal and reduced oxygen concentration. In a common dose-effect relationship, the fold change of each gene in CIH should be smaller than in CCH, so that only part of the statistically significant regulations in CCH should be confirmed for the same duration of CIH.
Differential effects of constant and intermittent hypoxia on translation factors and heat shock proteins Our finding that the expression levels of Eifs and Eefs were higher in CCH than in CIH in most cases may be the basis for the fact that cardiac hypertrophy exists in CCH but not in CIH (Fan et al. 2005 ). Moreover, due to their protective roles, the different HSPs in CCH and CIH might explain the differences in the extent of the transcriptomic alterations induced by the two hypoxia patterns.
Gender dependence of the hypoxia effects
The experimental design with two male and two female profiles for each treatment at each time point allowed us to study whether the regulation of gene expression profiles are gender dependent in the hypoxic heart (Tang et al. 2004 ). Similar to our findings for the kidneys of developing mice subjected to chronic hypoxia, females responded more briskly than males to the hypoxic stress (compare Fig. 2b from this report with Fig. 1d in Iacobas et al. 2006 ). Although there is practically no statistical significance of this finding because we compared only two males with two females at each time point and treatment, the robustness and similarity with the results obtained for the hypoxic kidneys makes it interesting. This observation of gender dependence of gene expression regulation could be important when designing therapies (e.g., Choi et al. 2007) or targeting hypoxic cells in tumors (e.g., Sovik et al. 2007; Post et al. 2007 ).
Chronic hypoxia alters the maturational profiles of essential genes for heart development and integrated response to stress
Although cardiomyocytes proliferate rapidly during fetal life, the heart growth shifts from hyperplasia to hypertrophy after birth, with most cardiac cells gradually ceasing to undergo DNA replication (Chen et al. 2004 ). In addition, heart development after birth is the result of numerous genes changing expression level (e.g., Azfer et al. 2006; Harrell et al. 2007; Plageman and Yutzey 2006; Singh et al. 2007 ). Therefore, we determined and compared the maturational profiles of each quantifiable gene in all three treatments, identifying the age-dependent genes and the changes induced by the hypoxic stress. We found that hypoxia not only altered the maturational profiles of age-dependent genes but the alterations were different in CCH and CIH, pointing again to the importance of the hypoxia pattern on gene expression. Contrary to our findings in the hypoxic kidney , the number of genes whose expression changed in the heart with maturation was significantly higher in both CCH and CIH when compared to normoxia. This result indicates a faster maturation of the heart transcriptome under hypoxic conditions than in the normal atmosphere. Moreover, the synergy of the maturational profiles of essential genes for heart development (examples in Fig. 3a,b) , Eifs and Hsps (Fig. 3c,d ), was significantly perturbed by hypoxia. The analysis of the transcriptome maturation is particularly important because it provides information regarding the dynamics of the "transcriptomic stoichiometry" whose alteration is expected to result in major effects by introducing "bottlenecks" or/and changing the probability distribution of the outputs of certain functional pathways (Iacobas et al. 2007b) . For instance, the alteration of the Eif4ebp2 profile in CCH (Fig. 3c ) due to the upregulation at 2 weeks may have significant consequences because the rate-limiting event of protein synthesis is the recruitment of the 43S ribosome to the mRNA (Banko et al. 2005) for which the binding of Eif4e to the cap structure at the mRNA 5′ terminus is critical (Gingras et al. 1999 ). Remarkably, Eif4ebp2 had a very similar maturational profile with Hif1a in both normoxia and CIH but different in CCH.
Chronic hypoxia regulates the control of transcript abundance
Since the general transcription mechanisms should be the same among mice subjected to the same treatment but the local transcription conditions may differ from mouse to mouse, close expression levels (i.e., high GES scores) indicates less sensitivity to the environment, most probably resulting from a more stringent control by inherent homeostatic mechanisms. Thus, the gene with GES=100 has the highest control while that with GES=100/(number of quantified genes) is the least controlled one. In previous papers (e.g., Iacobas et al. 2005b; Spray and Iacobas 2007) , we speculated that the very stably expressed genes might encode proteins essential for survival or/and phenotypic expression. Although the most unstably expressed genes may not be necessary or essential for the overall survival of cells, their loose control allows the cell to adapt to environmental conditions (Iacobas et al. 2007a ) and therefore may be regarded as evolutionary vectors in a hostile environment.
The significant overall reduction in expression variability in hypoxic hearts as compared to the normoxic counterparts is similar to that we reported in the hypoxic kidney . This result points out that the overall transcription control was strengthened in hypoxia, presumably to further limit the expression alterations. However, the patterns of transcription control changes were different between the two hypoxia treatments indicating activation of different regulatory mechanisms. The increased transcription control of most genes involved in growth and development (indicated by larger GES values in CCH for the examples in Fig. 4a ) was presumably imposed to minimize the alterations of heart morphology due to the higher effort imposed by the reduced oxygen in the atmosphere.
The interlinkage among genes encoding translation factors and heat shock proteins is substantially reduced and profoundly remodeled in chronic hypoxia Similar to our findings in mouse brain (Iacobas et al. 2005a) , the transcription of a cardiac gene appeared significantly related to that of numerous others. As illustrated in Fig. 1 for partners of Eif3s4, a gene may be synergistically, antagonistically, or independently expressed with genes whose protein products are sharing both similar Fig. 7 The "see-saw" model of transcriptomic recovery. a. Positive (Gene Y) and negative (Gene Z) partners of gene X. Values on the two axes are the Pearson correlation coefficients between the logs of the expression levels within biological replicas of the indicated gene and each other quantified gene. b-c Predictive value of the coordination analysis. Genes that are synergistically expressed with gene X in wildtype tissues (correl with X>0) are most prone to be downregulated (negative fold change) in gene X null tissues and genes antagonistically expressed (correl with X<0) are most likely to be upregulated in X-null tissues. d Restorative effect of "see-saw" partners. Overexpression of a gene with striking similarity (Y) or underexpression of one with striking opposition (Z) as coordination profile with X in wild types are expected to have a restorative effect on gene expression levels in X-null tissues and different functions. The cardiac transcriptomic network is very complex, with partial overlapping of subnetworks. Moreover, the topology of the network changed during progression to adulthood, indicating that in addition to the expression level of individual genes, the maturation affects also the gene interlinkages. With an average 20%, the coordination degree (i.e., percentage of the sampled transcriptome composed of synergistically or antagonistically expressed partners) varied within wide limits among the genes. For instance, in the case of the 55 genes listed in Supplementary Table 2, at 1-week normoxia, the coordination degree went from 0.6% for Eif1b to 42.4% for Hsp90ab1. Hsp90ab1 was also found as having the largest number of synergistically expressed partners (25.0%), Eif3s6 the largest number of antagonistically expressed ones (25.1%), and Eif1b the largest number of independently expressed (15.1%) partners. Remarkably, both CCH and CIH reduced at less than half the average coordination degree indicating a strong decoupling of gene expression induced by the hypoxic stress.
As illustrated in Fig. 5 , the hypoxic stress profoundly remodeled the gene expression interlinkages. The substantial differences between the remodeling in CCH and CIH indicate once more that the constant and intermittent hypoxia activate distinct regulatory mechanisms of gene expression.
The perspective of the "transcriptomic see-saws"
We found that the striking similarity or opposition occurred not only between the coordination profiles of genes from the same (Eif-Eif, Hsp-Hsp in Fig. 6 ) category but also between those of genes from different categories (Eif-Hsp in Fig. 6 ). This does not mean that the functions of the protein product of a certain gene can be accomplished by the proteins encoded by its "see-saw" partners. Rather, it means that the partners are very similarly/oppositely coordinately expressed with thousands other genes (the sampled transcriptome), and therefore similar/opposed variation of their expression levels are expected to have similar phenotypic consequences. Thus, the identification of the "see-saw" partners of key genes (examples in Supplementary Table 3) is of practical importance since one may assume that phenotype alterations induced by the deficient expression of such a gene might be partially recovered by the upregulation of a similar partner or downregulation of an opposed one (Iacobas et al. 2007a (Iacobas et al. , 2008a Spray and Iacobas 2007) . Figure 7 illustrates the "see-saw" model of the transcriptomic recovery.
As we proved in other papers (e.g., Iacobas et al. 2003 Iacobas et al. , 2005a Iacobas et al. , b, 2007b , the synergistically expressed partners (like gene "Y" in Fig. 7 ) of a certain "gene X" in the wildtype tissues are most likely to be downregulated, the antagonistically expressed partners (gene "Z") are most likely to be upregulated in the corresponding gene X null tissues, while the independently expressed partners are most likely to be not regulated in the nulls.
An indirect confirmation of the "see-saw" model of the transcriptomic recovery came recently when two promyelinating treatments were reported to increase the level of the gap junction protein Cx43 (Roscoe et al. 2007 ), whereas we have shown previously a significant downregulation of Cx43 in AT-EAE mouse spinal cord, an animal model of the human multiple sclerosis (Brand-Schieber et al. 2005; Iacobas et al. 2008b ). In principle, the "see-saw" model can be considered as confirmed by the rescue obtained through overexpressing a positive partner or underexpressing a negative partner of the gene whose deletion caused the disease. For instance, Ahmad et al. (2007) reported that Cx26 expressed from extra alleles completely restored hearing sensitivity and prevented hair cell death in deaf Cx30 −/− mice (model of human connexin30-linked deafness). Therefore, the identification of "see-saw" partners is expected to open new horizons in the gene therapy.
